Materials with high thermal conductivity have attracted considerable attention for thermal management of electronic devices. Therefore, focusing on formability and anisotropic heat transfer, we fabricated glass-ceramics containing the spin-chain compound SrCuO 2 and demonstrated its high thermal conductivity in the previous work, where SrCuO 2 is known to exhibit high thermal conductivity owing to the presence of quasiparticles, i.e., spinons. In this study, we attempt to confirm the presence of spinons by analyzing temperature dependence of specific heat and investigate relationship between spinons and thermal properties.
Phonons and conduction electrons are the major heat carriers in solids; 1) however, quasiparticles originating from magnetic excitation, such as magnons and spinons, also transfer heat.
2),3) Particularly, the spin-chain compound SrCuO 2 exhibits a high thermal conductivity [³50 W/(m·K)] even at room temperature, owing to the presence of spinons, and a high one-dimensional anisotropy. The spinons are derived from magnetic excitation in onedimensional chains comprising antiferromagnetically coupled S = 1/2 spins in Cu 2+ at room temperature. 4 ), 5) Because of these advantages, SrCuO 2 is a promising material for advanced thermal management applications. However, very few studies have been conducted from the viewpoint of practical applications. 6 ), 7) In our previous study, we synthesized SrCuO 2 by the glass-ceramics technique. 8) , 9) Adopting the glass-ceramics technique for the synthesis of cuprate, Komatsu et al. reported the fabrication of high-temperature superconducting glass-ceramics using a BiSrCaCuO glass system. 10) However, studies on spin-chain compounds of cuprate are lacking. In the previous work, 8) , 9) we demonstrated that SrCuO 2 can be synthesized by heat-treatment of melt-quenched oxides. The SrCuO 2 -precipitated glassceramics were found to exhibit high thermal conductivity when compared to current glass-ceramics, ³5 W/(m·K) at room temperature, which is more than twice that of melt-quenched oxides. 8) Therefore, considering that glass melts are used as starting materials, the glass-ceramics are expected to be promising as fibrous and molded thermal management materials with high formability. 8), 9) In this study, we attempt to confirm the presence of spinons through temperature dependence of specific heat and investigate relationship between spinons and thermal properties of the glass-ceramics.
The samples were prepared according to the method reported in Refs. 8 and 9. In this study, the starting materials were melt-quenched oxides with batch compositions of (76 ¹ x)SrOxCuO8(Li 2 OAl 2 O 3 Ga 2 O 3 ) (in mol %; x = 3040), i.e., we varied the ratio of SrO to CuO unlike in the previous study. 9) Here, we expect that the amount of precipitated SrCuO 2 can be controlled by changing the value of x. First, five reagent-grade powders of SrCO 3 , CuO, Li 2 CO 3 , Al 2 O 3 , and Ga 2 O 3 were weighed and mixed so that the compositions matched the above ones; here, we assumed that SrCO 3 and Li 2 CO 3 were perfectly decarboxylated after melting. Next, the mixed powders were placed in a platinum crucible and melted at a temperature of 1200°C for 0.5 h in an electric furnace at a heating rate of 10 K/min. Then, the resultant melts were poured on a steel plate maintained at room temperature and immediately quenched by covering a metal plate. While quenching, the sample thicknesses were fixed at 0.8 mm by using metal jigs. Finally, the melt-quenched samples were heattreated at 750°C for 3 h to precipitate SrCuO 2 . In our previous study, X-ray diffraction and transmittance electron microscopy (TEM) results of the sample with x = 38 revealed that the melt-quenched sample consists of two phases: SrLiAlGaO glass matrix and spherical aggregation of SrCu 2 O 2 nanocrystals (inset in Fig. 1 ), wherein no spinons are considered to exist. On the other hand, the heat-treated sample consists of the spin-chain compound SrCuO 2 ; the circled area in the inset in Fig. 1 was identified as SrCuO 2 by TEM, and the other crystals correspond to Cu 2 O and Sr 3 AlGaO. 8),9) The precipitation of SrCuO 2 is due to the oxidation of the SrCu 2 O 2 phase in the meltquenched sample.
9) The details of the structural characterization are described in Ref. 9 . In this study, the heat-treated samples were polished by ³100¯m to remove the Sr 14 Cu 24 O 41 phase (which was precipitated instead of SrCuO 2 at the surface 9) ) and subsequently used for measurement of thermal properties.
The following measurements were carried out for the melt-quenched and the heat-treated samples (i.e., glassceramics). For all the compositions, the specific heat C at temperatures in the range of 2.550 K was measured using the physical property measurement system (PPMS, Quantum Design). The thermal diffusivity D RT and the specific heat C RT at room temperature were determined by means of the laser-flush method (TC-7000H, Ulvac Riko). The thermal conductivity at room temperature K RT was determined using the equation K RT = µC RT D RT , 1) where density µ was determined by the Archimedes' method. Figure 1 shows the specific heat of the melt-quenched and the heat-treated samples with x = 38 as a function of temperature T. For both the samples, the specific heat increases with an increase in T over the entire range, wherein the values appear to vary in proportion to T 3 in the temperature range of 1050 K and approach a constant value at temperatures above ³100 K. This result is in accordance with the Debye model for heat capacity in solids.
1) However, at low temperatures, i.e., <10 K, both the samples obviously produce excess specific heat compared with those in the Debye model, indicating that the two samples have different dependences on T. In other words, the temperature variation of the melt-quenched sample is well fitted by the equation C = C 0 + ¢T 3 [J/(g·K)] as shown in Fig. 2(a) , which corresponds to a condition that the excess heat capacity is independent of temperature in the range of 2.520 K; however, actually, the term C 0 should decrease with a decrease in the temperature below 20 K and disappear as T approaches 0 K. The origin of C 0 is unclear, but may be attributed to the characteristic structures in the melt-quenched sample, e.g., inhomogeneous structure composed of two phases: SrLiAlGaO glass and spheres containing SrCu 2 O 2 nanocrystals. On the other hand, the specific heat of the heat-treated sample can be represented as C = £T + ¢T Three factors can contribute to the excess specific heat £T: conduction electrons, 1) glassy phases, 11) and spinons in SrCuO 2 .
12) Among these, the contribution of conduction electrons, which is also proportional to T, is negligible because the heat-treated sample is electrically insulating. Glassy phases contribute to excess specific heat owing to their disordered structure at low temperatures; however, we found that the heat-treated sample is fully crystallized. Therefore, the excess specific heat cannot be ascribed to the glassy phases. Thus, the excess specific heat in the heat-treated sample is most likely due to spinons. Indeed, chains of antiferromagnetically coupled spins that exist in SrCuO 2 give rise to specific heat C sp proportional to T at low temperatures, i.e., T J/k B , as described below.
12)
where N sp (1/mol) is the number density of spins, k B (J/K) is the Boltzmann constant, and J (J) is the intrachain coupling constant of the spins. The value of J/k B is reported to be 19002300 K for SrCuO 2 , 13) giving £ 0 = 2.42.9 mJ/(mol·K 2 ), where the condition of T J/k B is well satisfied in the measurement range in Fig. 1 . The value of £ of the heat-treated sample, ³0.74 mJ/(mol·K 2 ), which was obtained from Fig. 2(b) , is several tens of percent of £ 0 , which indicates that the SrCuO 2 fraction in the heat-treated sample produces the excess specific heat. We found that the other samples show the same behavior as the sample with x = 38, i.e., showing specific heat proportional to T at low temperatures, electric insulation, and no glassy phases. Thus, the molar fraction of the precipitated SrCuO 2 , f, can be estimated from £/£ 0 for the present samples. The x dependence of f is shown in Fig. 3 . The value of f appears to reach the maximum at x = 3638. This composition is in close agreement with x = 38, which is reasonable because we expected that 38SrO and 38CuO in mol % almost stoichiometrically produces SrCuO 2 at the composition. The x dependences of µ, C RT , D RT , and K RT (= µC RT D RT ) are also shown in Fig. 3 . Here, let us discuss the change of K RT in response to x, i.e., an increase at x > 34; first, the effect of µ on the change of K RT is negligible because the change in µ is as small as ³2% at a maximum. Therefore, C RT and D RT dominates the value of K RT . C RT increases with an increasing x, which may depend on species of precipitated crystals, SrCuO 2 , Cu 2 O, Sr 3 AlGaO 6 , and so on, and their content ratios. On the other hand, D RT seems to show a complicated dependence on x, wherein two factors can affect the value of D RT : One is each thermal conductivity in the precipitated crystals. The other is morphology of the samples, i.e., crystal size, shape, boundary area or condition, distribution, etc. 14),15) These two factors are known to critically change the value of D RT because the value corresponds to average thermal diffusivity arising from complicated diffusion process in the polycrystalline samples. Nevertheless, it is considered that the high value of D RT at x = 38 is partially attributable to the existence of spinons with high average speed and relaxation time,
3)5),12) giving high thermal diffusivity, because f also shows the maximal around x = 38. To investigate in detail how each factor affects the value of D RT , the morphology observation by TEM for all the samples is needed.
In summary, we measured the temperature dependence of specific heat in the glass-ceramics containing SrCuO 2 and found that the samples possess the excess specific heat proportional to T, which is attributable to spinons. Additionally, we investigated composition dependences of the content of SrCuO 2 with high thermal conductivity and the thermal properties. It is difficult to quantitatively evaluate the effect of spinons on the enhancement of thermal conductivity, because morphology in the polycrystalline samples, in addition to the existence of the spinons, can strongly affect the thermal conductivity. However, we can see a correlation between the content of SrCuO 2 and the thermal diffusivity around x = 38 and consequently conclude that the enhancement of thermal conductivity is partially due to the existence of spinons. For heightening the thermal conductivity, it is of a great necessity to observe and control the morphology of the glass-ceramics.
